To improve the feasibility of soil-aquifer remediation using bioaugmentation, more efficient methods are needed to widely disperse pollutant-degrading bacteria in porous media. Under water-saturated conditions, bacteria readily adhere to soil particles, but under unsaturated conditions, bacteria preferentially accumulate at the air-water interface. Air sparging a saturated porous medium produces a mobile water interface that was hypothesized to facilitate bacterial transport. To investigate whether gas sparging increased bacterial transport relative to saturated-water conditions, the transport of three strains of bacteria and negatively charged microspheres of different relative hydrophobicities R H was measured in saturated and gas-sparged quartz-packed columns. Gas sparging increased (>60%) the bacterial transport in only one case (Pseudomonas fluorescens P17; R H = 27%). Transport of the other two strains were either unaffected by gas sparging (Mycobacterium vaccae JOB5; R H = 33%), or was reduced (Pseudomonas aeruginosa; R H = 75%) relative to water-saturated conditions. Microspheres were the most hydrophobic (R H = 98%) and the most retained of all particles under saturated conditions, but microsphere transport was unaffected by gas sparging. These preliminary results suggest that the effect of gas sparging on colloid transport is particle specific and not predictable from measurement of relative hydrophobicity.
INTRODUCTION
Bioremediation of organic contaminants in the subsurface environment can be enhanced by introducing nutrients for indigenous microorganisms or by introducing specific pollutantdegrading microorganisms into the porous medium. In both cases, well clogging may be a problem. If nutrients are injected, microorganisms will tend to grow near the point of injection where the concentrations of the nutrients are the highest. If bacteria are injected, concentrations of sedimentassociated bacteria will be highest near the injection point and will decrease exponentially with distance from the well. The transmission of bacteria capable of degrading highly refractory compounds to contaminated zones is critical to the success of in situ bioremediation schemes via bioaugmentation. However, there is no proven technique to transmit bacteria over long distances in contaminated soils (Li and Logan 1999) .
The transport of bacteria in porous media is a complex process that depends on factors such as the nature of the cell including size, hydrophobicity, motility, and growth phase (van Loosdrecht et al. 1987; Duncan-Hewitt 1990; Fontes et al. 1991; Grotenhuis et al. 1992; Weiss et al. 1995; Camesano and Logan, 1998) ; medium characteristics like soil type, grain size, heterogeneity, and organic matter content (Beven and Germann 1982; Bales et al. 1989; Fontes et al. 1991; Powelsen et al. 1991; Murphy et al. 1992) ; water chemistry factors such as pH and ionic strength (Bales et al. 1991; Martin et al. 1992) ; and flow characteristics such as infiltration rate and bacterial concentration (Vaughn et al. 1981; Vandevivere and Baveye 1992; Camesano and Logan 1998) . Although most bacterial transport studies have focused on saturated porous media, only a few have examined unsaturated conditions (Hagedorn et al. 1981; Wan et al. 1994; Powelson and Mills 1996; Schäfer et al. 1998) . In unsaturated subsurface environments, there are two interfaces for cell attachment: (1) The gas-water interface; and (2) the solid-water interface. The retention rate of bacteria in unsaturated media is assumed to be largely con- trolled by the presence of an air-water interface in porous media because of the preferential sorption of bacteria onto the air-water interface over the solid-water interface (Wan et al. 1994) . The affinity of bacteria for the gas-water interface has been shown to be related to the cell hydrophobicity and affects the transport of microorganisms in porous media (Wan et al. 1994; Powelson and Mills 1996) .
In situ air sparging is a process where a water-saturated porous medium becomes variably saturated due to the injection of air. Air sparging is a proven method for removing volatile organic compounds from saturated soils and ground water (Hinchee 1994) . Air is injected at a controlled pressure in the ground-water table below the deepest known point of contamination, resulting in chemical loss from both the saturated and vadose zones. The large supply of oxygen provided by air injection (sometimes performed in conjunction with nutrient addition) can promote biological activity and stimulate bioremediation. It has also been claimed, but not previously shown, that microbial transport is enhanced by air sparging as a result of convective effects and mixing zones created by air sparging (Major 1995) , and it has been demonstrated that a moving gas bubble can displace bacteria previously adsorbed to glass surfaces (Pitt et al. 1993) . Overall, insufficient research has been done to conclude that bacterial transport during bioaugmentation would be enhanced by air sparging.
To test whether gas sparging increases bacterial transport relative to water-saturated conditions, the transport of three strains of bacteria and relatively hydrophobic microspheres were measured in saturated and gas-sparged quartz-packed columns. It is known that the preferential and irreversible sorption of bacteria at the gas-water interface strongly influences bacterial movement and spatial distribution under steady, unsaturated water flow conditions (Wan et al. 1994; Jewett et al. 1999 ). However, it was reasoned that the favorable attraction of bacteria to a moving air-liquid interface in a highly dynamic environment, such as that produced during air sparging, might enhance bacterial transport relative to transport under watersaturated conditions.
METHODS
The sorption of inorganic particles and bacteria to the airwater interface has been shown to increase with particle hydrophobicity (Wan et al. 1994) . Therefore, three strains of bacteria having a range of relative hydrophobicities, and relatively hydrophobic latex microspheres, were selected for study in sparging experiments. Particle retention in packed columns was measured either directly by counting particles desorbed from the column packing, or indirectly by incorporating a radiolabel into bacteria and measuring retained radioactivity as described below.
Culture Conditions
The transport of Pseudomonas fluorescens P17, provided by C. P. Gerba (Department of Microbiology and Immunology, University of Arizona, Tucson, Ariz.) has been extensively studied in porous media transport experiments Martin et al. 1996) . P17 is a motile, Gram-negative, rodshaped bacterium, with an average equivalent diameter of 0.8 m (Camesano and Logan 1998 Bq/mmol, 18 M, ICN Laboratories, Costa Mesa, Calif.) and incubating for 8 h on a shaker table. Unassimilated label was removed by filtration as previously described Martin et al. 1996) . Cells were resuspended in AGW to a final concentration of ϳ10 8 mL Ϫ1 measured using acridine orange direct counting procedures (Hobbie et al. 1977) .
Pseudomonas aeruginosa was obtained from the American type culture collection (ATCC, Rockville, Md.; Strain 9027) and grown using the same procedures described above for P17. P. aeruginosa was chosen for study based on its previously reported low hydrophobicity (Bai et al. 1997) .
Mycobacterium vaccae JOB5 is a propane oxidizing bacterium capable of reductive dehalogenation of chlorinated aliphatics such as trichloroethylene (Lawrence et al. 1989 H)leucine (50L) was added to a 75-mL suspension during log growth (A 600 Ϸ 0.2), and the cells were harvested when the absorbance reached 0.3. Unassimilated radiolabel was removed by filtration and cells resuspended in AGW as described above.
Relatively hydrophobic microspheres (YG fluoresbrite carboxylated, 0.973-m diameter; Polysciences Inc.) were suspended in AGW at a concentration of ϳ10 8 /mL and sonicated for ϳ0.5 h to break up any aggregates. Samples were examined microscopically before use to ensure the suspension was monodisperse.
Particle Hydrophobicity
Particle hydrophobicity was measured (in triplicate) using the bacterial adhesion to hydrocarbon test (Rosenberg 1984) . A 5-mL sample of bacteria or fluorescent microspheres (10 6 / mL) suspended in deionized water was added to a test tube containing hexadecane (1 mL), mixed for 1 min using a tube vortexer, and then left undisturbed (for phase separation) for 30 min. The concentration of particles in the water phase C h was measured using the methods described above. The relative hydrophobicity H R (%), was calculated using
where C w = concentration of particles in the water samples prepared as described above but in the absence of hexadecane.
Column and Quartz Media
A schematic of the column and gas sparging system is shown in Fig. 1 . A subrounded quartz sand (Unimin Corp., New Canaan, Conn.) with a mean grain diameter of 200 m [range 50-250 m (Rogers 1997) ] was isolated using a wetsedimentation procedure and cleaned with an HCl/heat treatment to remove surface oxides and organic coatings from the quartz particles (Litton and Olson 1993) . The cleaned quartz was wet packed into a glass column (10-cm ϫ 0.9-cm diameter, Spectrum Inc., Gardena, Calif.; porosity of 0.37), and the column packing settled by vibration to drive out trapped air bubbles. The original Teflon filters at the column ends were replaced with larger pore screens (20-m diameter, nylon mesh; Spectramesh, Laguna Hills, Calif.) to avoid particle straining. The column was operated in upflow mode and, prior to an experiment, was rinsed with 3 pore volumes of AGW using an infusion pump (AVI Micro 210A, St. Paul, Minn.) at a flow rate of 21.2 mL/h (8 m/day superficial velocity). The column contained two inlets: One for water and the other for gas injection. Dispersion in the column was small, as indicated by a dispersion coefficient of 1.3 ϫ 10 Ϫ4 cm 2 s Ϫ1 for columns packed with this quartz medium (Rogers 1997) .
Transport Experiments
The effect of sparging on bacterial transport was evaluated by comparing the retention of particles in columns in the presence and absence of gas sparging. In both experiments, 0.1 pore volumes of particles (i.e., radiolabeled cells or fluorescent microspheres) suspended in AGW were injected into the column at a constant velocity (8 m/day). In the absence of gas injection (water only), particle injection was followed by 3 pore volumes of AGW. In sparged columns, 3 pore volumes of AGW and 9 pore volumes of nitrogen gas were simultaneously injected into the column (unless stated otherwise) producing a gas-to-water ratio of 3:1 and a gas flow rate of 64 mL/h. In one experiment gas sparging was performed in the absence of water injection. All experiments were conducted at room temperature (20 Ϯ 1.5ЊC). It was assumed that during the experiment (<1.5 h) there was no change in bacterial numbers or size.
Nonionic surfactants such as Tween 20 have been shown to reduce bacterial attachment to glass and quartz surfaces Li and Logan 1999) . Therefore, a surfactant (Tween 20, 0.1% volume-per-volume, Calbiochem Corp., La Jolla, Calif.) was added in some experiments to the rinse water to compare the changes in particle retention produced by gas sparging to those possible using a surfactant solution.
Bacterial transport in columns was measured using methods similar to those of Martin et al. (1996) . At the conclusion of each column experiment, the quartz medium was extruded in 1-cm sections and transferred to preweighed scintillation vials (20 mL), and each sample was weighed to determine the slice length. Scintillation cocktail (Ecolite, ICN Biomedicals, Inc.) was added, and the samples were shaken for 18 h prior to the measurement of the total radioactivity using a liquid scintillation counter (LS 3810, Beckman Co., Palo Alto, Calif.). Total recovery of the radiolabel [and microspheres (see below)] ranged from 80 to 90%, which is typical for these types of experiments (Camesano and Logan 1998). Only single columns were examined here in these preliminary studies, but when columns are run in triplicate under water-saturated flow conditions, column-to-column variations are small [see examples in Li and Logan (1999) ].
The concentrations of fluorescent microspheres retained as a function of distance in the column were similarly evaluated, except that following column packing extrusion and slicing, samples were placed into vials containing 10 mL of water and a surfactant (0.1% Tween 20). The samples were then sonicated (ϳ12 h) to desorb the microspheres, and the microspheres in solution were counted by filtering 5 mL of the supernatent onto black polycarbonate filters (Poretics Corp.; 0.2-m pore diameter, 25-mm filter diameter). Microspheres were enumerated microscopically under blue light at 400 or 1,000ϫ.
Within each slice of the extruded column, the fraction of bacteria or microspheres retained in each slice in the column F R,i was calculated (Martin et al. 1996) as
where N i = number of particles retained in each slice; N 0 = number of particles added to the column; and N iϪ1 = total number of particles retained in previous slices.
RESULTS
Gas sparging performed in concert with water injection (8 m/day) decreased the fraction of bacteria retained in the column of Strain P17 from 0.38 to 0.15, an increase in overall transport of 60% with sparging compared with the case of only water flow (Fig. 2) . The addition of the nonionic surfactant, Tween 20, further decreased the fraction retained to 0.11. The lowest overall retention of Strain P17 (0.07) was accomplished by adding the surfactant into the rinse water. Therefore, although increases in bacterial transport can be increased by gas sparging, increases would not be as large as those with surfactant addition.
Water flow during gas injection was critical to enhancing bacterial transport. The pulse of bacteria added into the column traveled only ϳ0.1 times the length of the column; therefore, without fluid motion, 100% of the bacteria would have been retained in the column. In the absence of water injection, gas sparging pushed 73% of the water out of the column (based on final column weight), but only 6% of the bacteria, resulting in an overall retention of P17 cells in the column of 94% [ Fig.  2(a) ]. Sparging in the absence of flow appeared to spread the bacteria out in the column over the first 5 cm, whereas in the continuous water flow experiments there was a proportionally higher fraction of bacteria retained in the first 2 cm of the column, compared with the lower and nearly constant fractional retention in the rest of the column [ Fig. 2(b) ]. The other two bacterial strains were either unaffected by gas sparging or were reduced (P. aeruginosa) in transport relative to water saturated conditions (Table 1) . JOB5 was the most highly retained of the three bacterial strains (62%) under water-only conditions, and sparging did not appreciably change the overall fraction of cells retained in the column (63% retained). P. aeruginosa was the least retained of the three bacterial strains when only water as injected into the column. However, when the column was sparged, retention increased to 79%, and thus the retention of this strain became the highest of the three strains under sparging conditions.
Relative hydrophobicity was a poor predictor of particle retention in the column under water-only or gas-sparged conditions. Microspheres were the most hydrophobic and most retained of all particles under saturated conditions, but total microsphere transport (Table 1 ) and the pattern of retention with distance from the column inlet were unaltered by gas sparging (Fig. 3) .
The effect of the volume of gas injected into the column was examined by comparing, for a constant volume of water injected, the retention of P17 at two gas-to-water ratios that varied by two orders of magnitude. The overall fractional retention of bacteria in the three tests were 0.31 (water only), 0.13 (ratio of 1.88), and 0.11 (ratio of 166). There was slightly less retention of bacteria at the end of the column at the high gas-to-water ratio of 166 compared with the low gas-to-water ratio of 1.88 (Fig. 4) , but overall there was only a difference of <20% in retention between the two gas-to-water ratios. The lack of an increase in particle transport at higher gas flow rates may be a result of film straining (Wan and Tokunaga 1997) . When the fluid film becomes thin, relative to the size of the particle, particles become trapped on the packing grain.
By comparing the results for the overall fractional retention F R shown in Fig. 4 (F R = 0.31 and 0.13 for water and 1.88 for gas-to-water ratio) with those in Fig. 2 and Table 1 (F R = 0.38 and 0.15), it can be seen that the effect of gas sparging on P17 transport was the same in both sets of experiments. Gas sparging consistently decreased the total fraction retention; in all cases fractional bacterial retention decreased with distance in the column, although the exact pattern of cell retention was distance varied in the two experiments. One reason for this variation in deposition pattern may be due to different gas flow patterns in the column packing. Alternatively, these differences may be due to changes in the adhesion properties of the bacterial culture with time. It has previously been noted that there are changes in bacterial retention from day-to-day and over time , and Fig. 4 experiments were performed (with a different subculture) 5 months after those in Fig. 2 . When replicate bacterial columns have been run on the same date, column variations are small (Johnson and Logan 1995; Li and Logan 1998) . Despite the variations in deposition pattern observed here, however, the conclusion that gas sparging increased P17 transport relative to water-saturated conditions is consistent between Figs. 2 and 4.
DISCUSSION
Gas sparging increased the overall transport of P. fluorescens P17 but did not increase the transport of the other bacterial strains or the hydrophobic microspheres. It has been previously demonstrated by others (Wan et al. 1994 ) that in unsaturated porous media microspheres and bacteria preferentially associate with the air-water interface and that the extent of particle accumulation at the air-water interface increases with particle hydrophobicity. Although it therefore seemed likely that the mobile water interface produced by sparging could promote the transport of particles in proportion to their hydrophobicity, particle hydrophobicity was not found to be an accurate predictor of the cell transport in response to sparging. In addition, the fractional retention of bacteria under sparged conditions was not correlated to retention under wateronly conditions.
The large number of factors that can affect the overall transport and adhesion of particles to porous media may preclude any simple relationship between particle characteristics and particle transport under saturated and unsaturated conditions. Particle transport under saturated conditions has been more extensively studied than particle transport under unsaturated conditions. Particle transport to the quartz grain surface can be predicted using semiempirical filtration equations to calculate collision frequencies between suspended particles and media grains (Rajagopalan and Tien 1976; Logan et al. 1996) . Under steady unsaturated flow conditions, where the water is moving but the air is considered to be stagnant, empirical kinetic constants are used to predict particle removal rates in models (Corapciouglu and Choi 1996; Schäfer et al. 1998) . It was not possible to measure the distribution or paths of the gas through the homogeneous media. Although particle transport under steady unsaturated flow has been modeled, there are no existing models of particle transport under gas-sparged flow conditions. Adhesion of a particle at a surface is relatively more complex and more difficult to predict than transport of the particle to the surface. There are three main classes of attractive forces associated with the adhesion of particles to a surface: longrange attractive interactions, resulting from van der Waals and electrostatic forces; short-range forces, such as chemical bonds, dipole interactions, and hydrophobic binding; and interfacial reactions (Rutter 1980) . Adhesion of bacteria to hydrophilic surfaces such as quartz and glass is primarily controlled by electrostatic forces and secondarily by hydrophobic forces (van Loosdrecht 1990) . Under saturated conditions and at neutral pH, both the quartz and bacteria are negatively charged and therefore tend to repel each other. Under unsaturated conditions, air-water interfaces are also negatively charged due to the preferential accumulation of hydroxyl ions (Yoon and Yordan 1986; Li and Somasundaran 1991; Graciaa et al. 1995) , and experimental work has shown preferential accumulation of bacteria at air-water interfaces (Wan et al. 1994) . It was therefore reasoned that hydrophobic forces would be a primary factor in the transport of bacteria under unsaturated conditions. Hydrophobic forces favor particle movement toward the air-water interface because the presence of hydrophobic particles displaces water molecules in bulk solution and increases the total free energy of the solution by disrupting H-bonding of water molecules (Tadros et al. 1980 ).
It appears that the electrostatic charge of the gas phase is also a factor in bacterial transport during gas sparging. At neutral pH, the zeta-potential of air bubbles in deionized water is Ϫ65 mV (Graciaa et al. 1995 ) with a range of Ϫ50 to Ϫ80 mV reported for NaCl concentrations of 10 Ϫ3 -10 Ϫ5 M solutions (Li and Somasundaran 1991) . This is larger than zetapotentials of 37-38 mV reported for glass beads and sand (Baygents et al. 1998; Simoni et al. 1998) . It would appear from the results reported in this paper that the relative hydrophobicity measurement used here is insufficient as a sole predictor of colloid transport due to gas sparging. It is likely that overall transport of particles is a function of particle electrophoretic mobility and hydrophobicity as found for the relative adhesion of a variety of microorganisms to surfaces of varying zeta-potential and hydrophobicity (van Loosdrecht et al. 1987 (van Loosdrecht et al. , 1990 .
There are other factors that can influence particle transport in porous media and that may be important in understanding differences between the transport and adhesion of bacteria versus microspheres to quartz particles. For example, one factor that might contribute to differences in adhesion of bacteria and microspheres is particle shape. There is a ''chromatographic'' effect of cell shape during transport, with more nearly spherical shapes being favored during transport than elongated shapes (Weiss et al. 1995) . However, such geometrical effects would not explain the overall greater retention of microspheres than the rod-shaped bacterium P17 measured here. A second factor could be the types of materials at a particle surface (e.g., for two particles having the same relative hydrophobicity).
Bacteria have a wide range of molecule types and lengths on their surfaces relative to those on latex microspheres, but there is as yet no known method of correlating such atomic-scale factors with particle adhesion or transport. Finally, not all bacteria have a constant sticking coefficient, even in a monoclonal population (Albinger et al. 1994; Baygents et al. 1998; Simoni et al. 1998) , whereas microspheres can be expected to have extremely uniform properties. This distribution of bacterial sticking coefficients can result in higher adhesion rates near the column inlet (where the sticker bacteria are removed) producing higher sticking coefficients near the column inlet than further along in the column.
CONCLUSIONS
The transport of some bacteria can be enhanced by gas sparging as long as there is concurrent injection of water to maintain water flow through the porous media. There was a 60% increase in transport of one bacterium, P. fluorescens P17, in comparison to the base condition of just water flow, although a slightly larger increase in cell transport was possible using a nonionic surfactant (Tween 20). Gas sparging in the absence of water motion did not increase cell transport compared with the case of bacterial injection during water pumping under saturated conditions. Gas sparging in conjunction with water flow either did not change the retention of bacteria (M. vaccae JOB5) or microspheres, or actually reduced (P. aeruginosa) transport relative to water-saturated conditions. Thus, it appears that the effect of gas sparging on colloid transport is variable and strain-and particle-specific and that, at this time, there is no known predictor of the effect of gas sparging on overall particle transport.
